Gene knock-out and knock-in strategies are employed to investigate the function of MesP1. MesP1 belongs to the same family of bHLH transcription factors as MesP2. The early expression pattern observed in the early mesoderm at the onset of gastrulation is restricted to Mesp1, while the later expression pattern in the anterior presomitic mesoderm during somitogenesis is almost the same for Mesp1 as for Mesp2. Homozygous Mesp1 null mice exhibited growth retardation after 7.5 dpc and died before 10.5 dpc with many developmental defects. The function of MesP1 during somitogenesis was not clearly revealed because of their early death and the possible compensation by MesP2. In order to examine the functions of MesP1 during somitogenesis, we replaced the Mesp2 gene with Mesp1 cDNA, using a gene knock-in strategy. The introduced Mesp1 cDNA could rescue the defects caused by Mesp2 deficiency in a dosage-dependent manner. Mice which lacked Mesp2 expression but had four copies of the Mesp1 gene survived into the adulthood and were fertile. The skeletal defects and the reduction in expression of Notch1, Notch2 and FGFR-1 previously observed in Mesp2 null mice were almost completely rescued by the introduced MesP1. Thus, it is concluded that the functions of MesP1 during somitogenesis, like MesP2, are also mediated via notch-delta and FGF signaling systems.
Introduction
The metameric architecture of the body plan of the vertebrate is generated by the periodic appearance of segmented somites from the paraxial mesoderm. Somitogenesis has been the focus of attention of developmental biologists because it is one of the most dynamic morphogenetic movement during embryogenesis. The process of somitogenesis can be divided into three distinct stages, which may be regulated by different genetic mechanisms (Tam and Trainor, 1994) . (1) Commitment toward paraxial mesoderm. The mesoderm derived from the primitive streak or tailbud is arranged on both sides of the neural tube as the paraxial mesoderm. (2) Segmentation. The paraxial (somitic) mesoderm generates each segmental border and is divided into the so-called epithelial somites. (3) Differentiation. The somites differentiate into the sclerotome and dermomyotome which subsequently segregates into the dermatome and myotome. Many experimental studies, mainly in chick embryos, have revealed several characteristics of the developing somites, including establishment of the rostro-caudal and dorso-ventral polarity existing in the each segmented somite (Stern and Keynes, 1986; Aoyama and Asamoto, 1988) . In particular, rostro-caudal polarity of the sclerotome is important for defining not only vertebral periodicity but also for the patterning of neural crest migration and spinal neuron development (Rickmann et al., 1985; Keynes and Stern, 1988 ). An elegant transplantation experiment revealed the sclerotomal polarity as being generated before segmentation (Bronner-Fraser and Stern, 1991) . However the molecular mechanisms underlying these processes have remained obscure. Recently, however, the development of manipulation techniques for the mouse genome using embryonic stem cells have led us to study the molecular mechanisms involved in somitogenesis. One of the most significant achievements has been the demonstration of a clear separation between the two major events accompanying somitogenesis, segmentation and epithelialization. Paraxis-deficient mice are defective with respect to epithelialization but not with respect to segmentation (Burgess et al., 1996) . Conversely, deficient mice for genes, such as Dll1 (Hrabe de Angelis et al., 1997) , Presenilin 1 (PS-1) (Wong et al., 1997) and Mesp2 (Saga et al., 1997) , exhibited defects in both segmentation and sclerotomal polarity. Because sclerotomal polarity must be generated and established before segmentation, loss of sclerotomal polarity may result in the lack of segmentation. The relationship between segmentation and establishment of sclerotomal polarity, however, is yet to be defined.
Mesp2 is a member of the bHLH family of transcription factors, recently identified by us, and their expression was observed only during the segmentation stage of the embryo and restricted to the presomitic mesoderm (Saga et al., 1997) . Mesp2 deficient mice showed two major defects during somitogenesis: in the initiation of segmentation, and the establishment and/or maintenance of sclerotomal polarity. We also demonstrated that the function of MesP2 was mediated via both FGF and notch-delta signaling pathways (Saga et al., 1997) . In addition to Mesp2, Mesp1, a member of the same family of genes may be involved in somitogenesis, because its expression pattern during somitogenesis is almost the same as that of Mesp2. However, Mesp1 is expressed in the early gastrulating embryo before somitogenesis, and this early expression pattern is not shared by Mesp2 (Saga et al., 1996 (Saga et al., , 1997 . In order to understand the function of MesP1 during embryogenesis, we generated Mesp1 deficient mice by using a gene knock-out strategy. As had been anticipated, Mesp1-deficient embryos exhibited early lethality, indicating that MesP1 is indispensable. To define the function of MesP1 during gastrulation, which was the next goal, careful and thorough examination was deemed essential. In the present paper, the function of Mesp1 during somitogenesis is the focus of study. However, Mesp1 deficient mice did not clearly indicate whether MesP1 possessed the same function as MesP2 during somitogenesis, probably due to the compensatory expression of MesP2. In order to examine the functions of MesP1 in the absence of MesP2, it is necessary to generate double knockout mice, for both MesP1 and MesP2. However, because Mesp1 and Mesp2 genes are located on the same chromosome, separated only by less than 20 kb, it is practically impossible to generate double knockout mice by crossing mice knocked out for these two genes. To address this problem, a gene knock-in strategy was employed to introduce Mesp1 gene into the Mesp2 locus, in order to investigate whether MesP2 deficiency can be rescued by MesP1 overexpression.
Results

MesP1 deficiency resulted in early death of the mice and showed abnormal head, heart and somite morphogenesis
A targeting vector for Mesp1 disruption (knock-out) was constructed to replace the protein coding exon-1 and a part of exon-2, with a pgk-neo cassette (Fig. 1A) . PCR analysis detected five independent positive clones, out of which four were shown to be correct homologous recombinants by Southern blot analysis using both internal and external probes (Fig. 1B) . Two independent clones (#48 and #96), selected for injection into eight cell embryos, were successfully contributed to the germ line of chimera mice and yielded identical phenotypes. Mice heterozygous for the targeted allele appeared normal and were fertile. However, no homozygous mutants were identified among the more than 300 offspring following mating between heterozygotes, indicating that Mesp1 null mice died during embryogenesis.
Genotypic analysis of embryos from 7.5 to 10.5 dpc showed no obvious deviation from the expected Mendelian ratio (Table 1) , however all 10.5 dpc embryos histologically examined showed severe picnotic figures (data not shown), indicating that all embryos died around 10.5 dpc. As expected from the early expression of Mesp1, abnormalities were detected in embryos as early as at 7.5 dpc ( Fig. 2A) . Mesp1(−/−) embryos were smaller than their heterozygous or wild-type littermates and exhibited underdeveloped, smaller head folds ( Fig. 2A,B) . In Mesp1(−/−) embryos, neural fold closure and embryonic turning were delayed or did not occur at all in some embryos (Fig. 2C,D) . Most embryos had curved neural tubes especially in the cervical and thoracic region (Fig. 2E) . Furthermore, heart morphogenesis was altered. Although there are variations in their morphology, many mutant embryos had two abnormally symmetrical heart tubes ( Fig. 2F-H ). These heart tubes had the ability to beat, indicating the normal differentiation of cardiomyocytes. However, the beat periodicity was not coordinated between one tube and the other. Sequential transverse sections through the heart region clearly revealed complete separation of heart tubes on either side of the midline (Fig. 2H1-4) . The morphology itself of the heart tissues did not differ from that in wild-type embryos. The endocardial tissue lining the primitive heart was developed normally. Foregut and dorsal aorta were also well developed (Fig. G1,H1 ). During early cardiogenesis, the precardiogenic splanchnic mesoderm precursors migrate ventrally to the midline and fuse to generate the primitive heart tube and foregut lined with endodemm. Thus, we assumed that the symmetry of the heart tubes observed in Mesp1(−/−) embryos was possibly caused by the initial failure of amalgamation of the two heart primordia.
Defective somitogenesis was also expected because Mesp1 was expressed at the rostral end of the presomitic mesoderm like Mesp2, the disruption of which resulted in lack of segmentation (Fig. 3A) . Mesp1(−/−) embryos were smaller than their age-matched heterozygote or wild-type embryos at 9.5 dpc, and embryonic growth appeared to have stopped at 8.5-9.0 dpc (Fig. 2C,D) . However, as shown in Fig. 3C , segmented somites were observed externally in the 9.5-dpc Mesp1(−/−) embryo. The histological section (Fig. 3D) clearly confirmed the initial observations on morphological sequence, namely, initial condensation, segmentation and the differentiation into dermomyotome and sclerotome, was similar to that in wild-type embryos (Fig. 3B) . However, the segmental width along the A-P axis was significantly reduced in the Mesp1(−/−) embryo (Fig.  3D) .
In order to analyze Mesp1(−/−) embryos in greater detail, especially from the molecular perspective, we examined Mesp1(−/−) embryos using lineage or region specific molecular markers by whole mount in situ hybridization.
As the smaller head of Mesp1(−/−) embryos suggested defective head morphogenesis, we examined the expression of the following regional markers, RPX-1 (Hermesz et al., 1996) , En-2 (Joyner and Martin, 1987) and Krox-20 (Wilkinson et al., 1989) , to analyze the possible impairment in regional patterning of the developing head. The expression of these genes was observed at the right sites and in the right intensities (data not shown). Thus, Mesp1 deficiency did not affect the regional patterning during head development.
Mesp1 mutants showed reduced expression of somitic markers but normal expression of axial and presomitic markers
As Mesp1 was initially expressed in the early mesodermal cell during gastrulation, several mesodermal markers were employed to characterize the Mesp1(−/−) phenotype. At Fig. 3 . Comparison of somitogenesis in Mesp1(−/−), Mesp2(−/−) and wild-type embryos at 9.5 dpc. In Mesp2(−/−) embryos no initial segmentation was observed but the dermomyotome could be distinguished, which segmented subsequently (A). In Mesp1(−/−) embryos (C,D), segmented somites (indicated as arrowheads in C) were generated the same as in wild-type embryos (B), however the widths of the generated somites (indicated by brackets) were smaller (D). Abbreviations: DM, dermomyotome. Bars 100 mm in (A,B,D).
first, we examined their axial structures using Bracyrury (Herrmann, 1991;  Fig. 4A ), HNF-3b (Sasaki and Hogan, 1993 ; Fig. 4B ), HNF-3/3 and shh (Sasaki and Hogan, 1993; Echelard et al., 1993data not shown) genes. All of these genes were expressed normally. Consequently, Mesp1(−/−) mice have notochord, prechordal plate, floor plate and midgut structures.
Next we examined the paraxial mesoermal markers especially implicated in somitogenesis. Mox-1 (Candia et al., 1992) and Pax-1 (Koseki et al., 1993) are known as the caudal sclerotomal markers demarcating sclerotomal polarity and their expression in Mesp2(−/−) embryos were strongly affected by the mutation (Saga et al., 1997) . In Mesp1 (−/−) embryos, the level of Mox-1 expression was reduced (Fig. 4C) , however, its caudal expression was not changed. In contrast, Pax-1 expression was almost undetectable (Fig. 4D) . The expression of other somitic markers such as Pax-3 (Goulding et al., 1994; Fig. 4E ) and Mtwist (Wolf et al., 1991; Fig. 4F ) was also reduced in Mesp1(−/−) embryos. The expression of Pax-3 was also down-regulated in Mesp2(−/−) embryos (Fig. 4G) but that of M-twist was not (Fig. 4H) . These phenotypic differences suggest the possibility of a distinct function for MesP1 during somitogenesis. As Mesp2 disruption caused reduction of Notch1 expression which was likely to result in the loss of sclerotomal polarity required for segmentation, we analyzed Notch1 (Conlon et al., 1995) and Dll1 (Bettenhausen et al., 1995) expression in Mesp1 (−/−) embryos. In contrast to that observed in Mesp2(−/−) embryos, both Notch1 and Dll1 were expressed at the expected region of the presomitic mesoderm in Mesp1(−/−) embryos (Fig. 4I,J) . This result probably reflects the fact that Mesp2 is normally expressed in Mesp1(−/−) embryos (Fig. 4K ). This could be the reason why initial segmentation was not prevented in Mesp1(−/−) embryos.
During somitogenesis, the Mesp1 gene is expressed at the same time and sites as the Mesp2 gene, as shown by double in situ hybridization analysis (Fig. 4L) . The transverse section of the stained embryos indicated that all paraxial mesodermal cells expressed both MesP1 and Mesp2 (Fig. 4M) . Therefore. we speculated that MesP1 might have function similar to MesP2 in the presomitic mesoderm. However, we could not confirm this from the analysis of Mesp1 deficient mice because the defect in somitogenesis was most likely to be masked by the expression of Mesp2. To address this question, we introduced the Mesp1 cDNA into the Mesp2 locus to investigate whether the MesP2 deficiency can be rescued by the overexpression of Mesp1.
Mesp1 rescued the segmentation defect in Mesp2(−/−) mice in a dosage-dependent manner
The knock-in vector was designed so as to replace the Mesp2 coding exons 1 and 2 with Mesp1 cDNA (Fig.  1C) . We obtained two PCR positive ES clones and one of these (#9) was shown to have the additional integration by Southern blot analysis (Fig. 1D) . Thus the other recombinant ES cells (#99) were injected into the embryos. The generated chimeric mice then successfully transmitted the introduced Mesp1 gene to the next generation. As Mesp2 deficient mice died just after birth, intercrossed heterozygous mice were killed at 18.5 dpc to recover all pups. No morphologically defective mice were observed and all mice appeared healthy. However, homozygous Mesp1 knockin (designated as Mesp2 p1/p1 ) mice were detected by genotyping. The DNA derived from the homozygous mice was further examined for whether the original ES clone (#99) had the right homologous recombination. As shown if Fig. 1E, only a 2 Fig. 5A-D, clearly reveal the dosage effect of Mesp1 gene. These compound mice exhibited defects which were much more severe than in Mesp2 P1/p1 mice but milder than in Mesp2(−/−) mice. Compared with Mesp2(−/−) mice, the vertebrae were elongated, the fusion of the pedicles of the neural arches was not extensive and the number of vertebrae was countable for compound mice (Fig. 5C) . However, the rib fusion at the proximal region and branching at the distal region observed in Mesp2(−/−) mice remained in the compound mutant (compare Fig. 5F,G) .
In order to examine whether the rescue observed in Mesp2 P1/p1 mice could really be attributed to expression of the Mesp1 cDNA introduced in the Mesp2 locus, specific pairs of primers were designed to distinguish between the Mesp1 RNA transcribed from the gene introduced into the Mesp2 locus from that derived from the endogenous Mesp1 locus. As shown in Fig. 6 , either Mesp1 or Mesp2 transcripts in wild-type mice was derived only from the endogenous gene loci. In contrast, only Mesp1 transcripts were derived from both Mesp1 and Mesp2 loci in Mesp2 P1/P1 mice, while the Mesp2 transcript was not detected. These results clearly demonstrate that the introduced Mesp1 cDNA was transcribed under the control of Mesp2 promoter in Mesp2 P1/p1 mice.
MesP1 functions via both notch-delta and FGF signaling pathways
Mesp2(−/−) mice exhibited reduced expression of Notch 1, Notch 2 and FGFR-1 in the presomitic mesoderm and lacked initial segmentation. We also observed that the embryo lacked sclerotomal polarity and concluded that the function of MesP2 is to establish and/or maintain sclerotomal polarity via notch-delta and FGF signaling (Saga et al., 1997) . Molecular probes were then employed to reveal the genetic basis for the rescue. A series of comparative analyses using in situ hybridization revealed the phenotype of these mice as directly reflecting the expression level of either MesP1 or MesP2. As shown in Fig. 7A , Mesp2 P1/p1 mice showed no Mesp2 expression as expected, and instead showed much stronger Mesp1 expression (Fig. 7B ). In the Mesp2 P1/p1 mice, the reduction of Notch1 (Fig. 7C) , Notch2 (Williams et al., 1995Fig . 7D), and FGFR-1 (Yamaguchi et al., 1992;  Fig. 7E ) expression, caused by Mesp2 deficiency, was completely rescued by the introduction of Mesp1. Thus, it is highly probable that MesP1 also plays an important role in somitogenesis via the similar mechanisms as MesP2 regulating both notch-delta and FGF signaling pathway.
Discussion
According to the in situ analyses, Mesp1 and Mesp2 show almost the same expression pattern during somitogenesis (Fig. 4L,M) . Besides, the proteins encoded by these genes share almost identical bHLH motifs as transcription factors. There could be basically two possibilities for the functional relationship between these proteins, combinational or com- petitive. The interpretation of the results obtained in Mesp2 deficient mice were relatively clear because the expression of Mesp2 was confined in the presomitic mesoderm. In contrast, earlier defects due to the earlier expression of Mesp1 differing from Mesp2 made difficult to define the function of MesP1 at the later stage of development, during somitogenesis, by the analysis of Mesp1 deficient mice. In addition, Mesp2 was normally expressed in Mesp1(−/−) embryos dur- ing somitogenesis. Furthermore, these genes are located on the same chromosome within a short distance, making it difficult to generate double knockout mice by crossing mice knocked out for these two genes. Thus, the knock-in strategy employed in this study was a straightforward technique for analyzing these possibilities, although it is possible to use an alternative method to introduce a second homologous recombination into the other gene on the same chromosome. The results clearly revealed that the functions of MesP1 and MesP2 are similar during somitogenesis.
Abnormally developed heart may be the cause of early death of Mesp1(−/−) embryo
Mesp1 deficiency resulted in the early death, before 10.5 dpc. This was expected because Mesp1 was expressed in the nascent mesoderm at the onset of gastrulation. Since the expression was rapidly down-regulated after 7.5 dpc, only mesodermal cells that ingressed through the primitive streak in the early stage, between 6.5-7.5 dpc, expressed Mesp1. According to lineage studies using cell marking methods or transplantation experiments, these cells include extraembryonic and cranio-cardiac mesoderm (Parameswaran and Tam, 1995; Tam et al., 1997) . Thus, the cause of death could be attributed to the failure of development and differentiation of these descendant cells. For extraembryonic mesoderm, failure of the chorioallantoic connection has been reported as the cause of death of several knockout mice such as Brachyury (Beddington et al., 1992) and a5-integrin (Yang et al., 1993) mutants. In Mesp1-null mice, a morphologically normal chorioallantoic connection was observed but its function remained to be determined. The head development was altered, but this is unlikely to account for the early death of Mesp1(−/−) embryos. The abnormal heart morphogenesis is probably the cause of death of Mesp1 (−/−) embryos. The heart is the first functional organ formed during higher vertebrate development. A beating heart is required to facilitate the exchange of nutrients between mother and fetus beginning at 8.5 dpc in the mouse. The formation of the heart is a complex process involving the commitment of multiple cell lineages including cardiac myocytes, endocardial cells, vascular endothelia, and smooth muscle cells, as well as multiple morphogenetic events required for the assembly of the mature four-chambered structure (Fishman and Chien, 1997) . In Mesp1(−/−) embryos, two heart tubes developed and were separated by the midline, which was most probably caused by the failure of initial fusion of the heart primordia. As the beats of the two tubes were not coordinated, disturbance of fluid circulation might result. Actually expansion of the pericardium was often observed after 9.5 dpc, and necrotic tissues became apparent thereafter. Thus the failure of heart function would be the most probable cause of death of Mesp1(−/ −) mice, however growth retardation became apparent after 7.5 dpc and overall embryonic growth stopped at 8.5 dpc.
Thus, the decrease in the cell-autonomous proliferative ability may account for the possible cause of early lethality. Examination, in greater detail, of heart morphogenesis in Mesp1(−/−) embryos is required to confirm this hypothesis and to investigate the involvement of Mesp1-expressing cells in cardiogenesis.
MesP1 might have distinct functions which are not shared by MesP2
The expression pattern of Mesp1 was clearly separated into two stages, corresponding to early expression at the onset of gastrulation and late expression starting just before somitogenesis. Although the cells expressing this gene were strictly restricted to those of mesodermal lineage, it appears not to have a direct relationship between the cells expressing Mesp1 in the early and later development, because paraxial mesoderm that somite are generated from was known to be derived from relatively distal epiblasts ingressing at the later stage of gastrulation (Parameswaran and Tam, 1995) . However, it is possible that the disruption or disturbance of early gastrulation affects subsequent event as well, for example, the loss or delay of cell supply to paraxial mesoderm. Thus, the reduction in size of either the entire body or of the generated somites may reflect a reduction in cell number. The expression of several somitic markers suet as Pax-1 and M-Twist was also reduced in Mesp1(−/−) embryos, and such reduction in their expression was not observed in the Mesp2(−/−) embryos. This could be caused by the disturbance of an early function of MesP1 which probably influences the somitogenetic potency of the paraxial mesoderm. Alternatively, MesP1 may have an additional function which is not shared by MesP2 during somitogenesis; the converse is also possible. The apparent absence of a segmentation defect in Mesp1 deficient mice could be explained by the normal expression of Mesp2. However, the reverse was not true, namely, the segmentation defect in Mesp2 deficient mice was not rescued by the normal expression of MesP1 in the mutant (Saga et al., 1997) . This apparent discrepancy could be due to a difference in expression level. According to the signal intensity detected by whole mount in situ hybridization, Mesp2 expression was much higher than that of Mesp1 during somitogenesis (Fig.  7A,B) . Although in situ signals do not always reflect transcription quantitatively and we did not directly examine the expression of MesP1 protein, this assumption was strongly supported by the dosage effect observed in compound mice generated by crossing Mesp2(−/−) mice with Mesp2 P1/p1 mice (Fig. 5) . Thus, overexpression of Mesp1 in the appropriate sites must account for the rescue, which implies that the dosage of this type of bHLH protein could be essential for function. However, it must be noted that Mesp2(+/−) heterozygous mice were morphologically normal and no vertebrae defects were observed (Saga et al., 1997) . This is inconsistent with the phenotype of compound mice generated by crossing Mesp2(−/−) mice with Mesp2 p1/p1 mice, which have one additional Mesp1 under the control of Mesp2 promoter. If Mesp1 and MesP2 were to have identical functions, the compound mice would be rescued by the one copy of MesP1 introduced. Thus this dosage effect may suggest some functional difference between MesP1 and MesP2. This possibility can be genetically investigated by experiments involving Mesp2 introduction into the Mesp1 locus using the knock-in strategy which is currently under investigation. Besides, biochemical investigations are definitely required to identify the possible functional differences between MesP1 and MesP2 as transcriptional regulators. Although it was found from the rescue experiments, that these two genes may share the downstream signaling systems, the direct target genes could be different, and the relationships between these regulatory mechanism are totally unknown.
Molecular events leading to segmentation
Although we have demonstrated that both Mesp1 and Mesp2 play critical roles in the initiation of segmentation and establishment of sclerotomal polarity, the actual mechanism remains unknown. The existence of a prepattern, of the so-called somitomere, has been suggested by stereoscanning-electron microscopic (SEM) observation (Meier, 1979) . However, unfortunately no molecular marker clearly representing such a prepattern is available in mice, although the expression of delta-2 in Xenopus could represent such a prepattern (Jen et al., 1997) . When and what kind of prepattern is generated in mice? The expression pattern of Mesp1 and Mesp2 may not directly represent the prepattern of the somitomere, it may rather indicate the actual event leading to determination of the segmental border or polarity. Without Mesp1 and Mesp2, the prepattern may not be disturbed, but the actual event triggering the segmentation may not occur. Accumulating evidence strongly suggests that the cellular interactions mediated by notch-delta signaling play a central role in generating segment borders (Conlon et al., 1995; Hrabe de Angelis et al., 1997) . For example, in addition to Mesp2 deficient mice, PS-1 null mutant also showed lack of segmentation caused by the loss of the notch-delta signaling system (Wong et al., 1997) . Thus local activation of Notch1 triggered by MesP1 and MesP2 and the resulting strong cell-cell communication may be responsible for the actual generation of the segment border. A relationship between the mechanisms involved in generating segment borders and those generating intrasomitic polarity which must be involved in the generation of intrasegmental borders has been suggested but remains to be investigated.
The mechanism of regulation of Mesp1 and Mesp2 expression would yield important clues to the better understanding of the mechanism of segmentation. As Mesp1 and Mesp2 are located in the same chromosome, separated by only 20 kb, these genes may be regulated be overlapping mechanisms. There should be at least two independent enhancer regions. One may regulate the early expression of Mesp1. The other may regulate both Mesp1 and Mesp2 simultaneously during somitogenesis. Although these could be regulated by separate enhancer elements, identification of these elements will enable us to generate enhancer-specific knockout mice, which lack the expression of both Mesp1 and Mesp2 only during somitogenesis. Such mutants will provide excellent material for elucidation of the molecular events leading up the segmentation. Furthermore, compound analyses of Mesp1(−/−), Mesp2(−/−), Mesp2 p1/ p1 and Mesp1, Mesp2 enhancer knockout mice with many mutant mice generated either by gene targeting (such as Dll1, Paraxis, Notch1 and PS-1 deficient mice) or naturally such as the occurrence of pudgy (Grunegerg, 1961) and amputated (Flint and Ede, 1978) , would contribute to further understanding of the involvement of MesP1 and MesP2 in the mechanism of segmentation.
Experimental procedure
Gene targeting
Mouse genomic clones covering the whole Mesp1 and Mesp2 region were isolated from a TT2 ES cell genomic DNA library and analyzed using standard protocols (Sambrook et al., 1989) . The Mesp1 knockout vector was constructed by ligating a 6-kb HindIII-BamHI 5′ flanking DNA containing a part of exon-1 and a 1.1-kb XbaI fragment containing a part of exon-2 and 3′ flanking DNA, with a pgk-neo cassette. The DT-A gene was then ligated for use for negative selection. A Mesp1 knock-in vector was constructed to insert Mesp1 cDNA containing the complete coding region, at the start site of the Mesp2 coding region, using a common NcoI site at the ATG codon. The other parts, composed of the short arm and long arm regions of this vector, were almost the same as in a targeting vector for Mesp2 knockout as described (Saga et al., 1997) . The vectors were linearized and electroporated into TT2 ES cells (Yagi et al., 1993 ). Correctly targeted clones were then injected into ICR embryos to generate chimeras which then transmitted the mutant alleles through the germ line.
Analysis of mutant embryos
Noon of the day when a vaginal plug was observed was counted as day 0.5 of gestation. The yolk-sac DNA and the following allele-specific primers were employed for the PCR analysis. PGK-R: 5′-CTAAAGCGCATGCTCCA-GACT-3′ and GR1: 5′-ATATGCCAAGTCATTGAGGT-GAGCTTTC-3′, for transgene and P1-R5: 5′-GAC-AGGGTGACAATCATCCGTTGCAT-3′ and P1-L10: 5′-AGAATCGTGGGACCCATCGTTCCAGTA-3′ for the normal allele to determine genotype of Mesp1-knockout mice. NeoAL: 5′-GAAAGAACCAGCTGGGG-CTCGAG-3′ and OR-3: 5′-GGAAGTTGAGTTCCTCATCACGATC-3′ for transgene and P2-R3: 5′-GTCACGGCATTAGC-AAGGTTGAGAA-3′ and P2-L3: 5′-CATCATGCCAGA-GACTACAGCCTCA-3′ for the normal allele of Mesp1-knock-in mice.
Methods for histological examination, whole-mount in situ hybridization and skeletal staining have been described (Saga et al., 1996 (Saga et al., , 1997 . For double in situ hybridization, fluorescein isothiocyanate (FITC)-labeled RNA probe was detected by anti-FITC AP conjugate and the orange color was developed in INT-BCIP solution (Boehringer Mannheim).
For RT-PCR analysis, presomitic mesoderm was dissected from 5-10 embryos (9.5 dpc) and total RNA was prepared according to the method described before (Saga et al., 1996) . One microgram total RNA was used for RT reaction with oligo-dT primer, and the generated cDNA was used as the template for subsequent PCR reactions of 30 cycles (one cycle consisting of 95°C for 1 min, 55°C for 1 min. 72°C for 1 min). PCR products were separated on the 1.5% agarose gel. To distinguish between the transcripts derived from endogenous Mesp1, Mesp2 and those from the introduced Mesp1, the following specific pairs of primers were used.
Endogenous Mesp1: P1L3 (5′-AATGGTCAGGCCTC-CGTTGCCATGG-3′) and P1R5 (GACAGGGTGACAAT-CATCCGTTGCAT). Endogenous Mesp2: P2LA (5′-CCGGTCCAGCTTCCCAGAGTCACACC-3′) and P2R5 (5′-GGACACCCCACTACTCATGGCTGA). Introduced Mesp1: P2L4 and P1 R5.
